The high expression of aldehyde dehydrogenase 1, also known as retinaldehyde dehydrogenase, by hematopoietic stem cells (HSCs) suggests an important role for retinoic acid (RA) signaling in determining the fate of these cells. We found that primitive human bone marrow-derived CD34 +
CD38
− cells not only highly express aldehyde dehydrogenase 1, but also the RA receptor α. Despite the up-regulation of early components of RA signaling, the downstream pathway remained inactive in the primitive CD34 +
− cells. Primitive hematopoietic cells rapidly undergo terminal differentiation when cultured away from their microenvironment; however, we found that inhibition of RA signaling maintained their primitive phenotype and function, and promoted their self-renewal. HSCs reside in a complex microenvironment that enforces the balance between self-renewal and differentiation. The exact physiologic mechanisms by which the niche controls HSC fate remain elusive. The embryonic gonadal microenvironment has recently been shown to determine germ-cell fate by degrading RA through expression of the P450 retinoid-inactivating enzyme CYP26B1. We found that the bone marrow microenvironment similarly can control primitive hematopoietic cell fate via modulation of retinoid bioavailability. Accordingly, we found that bone marrow stromal cell CYP26 was also able to inactivate retinoids in serum, preventing RA signaling. Thus, primitive hematopoietic cells appear to be intrinsically programmed to undergo RA-mediated differentiation unless prevented from doing so by bone marrow niche CYP26. Modulation of RA signaling also holds promise for clinical HSC expansion, a prerequisite for the wide-scale use of these cells in regenerative medicine and gene therapy.
O ne of the best-studied hematopoietic stem-cell (HSC) markers is aldehyde dehydrogenase (ALDH), specifically the ALDH1 family of enzymes also known as retinaldehyde dehydrogenases (1) . ALDH1 also is a marker for stem cells from most other tissues, and its expression decreases as stem cells differentiate (2) . Although ALDH1's precise function in stem-cell biology is unclear, the major biologic function of the ALDH1 family appears to be the biosynthesis of retinoic acid (RA), the active metabolite of vitamin A (retinol) (3) . ALDH1 catalyzes the final step of this process, the oxidation of retinaldehyde to RA (3) . Once synthesized, RA enters the nucleus and signals via a heterodimer formed by the RA receptor (RAR) and retinoid-X-receptor to drive transcription of target genes. Retinoids (vitamin A and RA) are primarily inactivated by the CYP26 enzyme family, members of cytochrome P450 system (4) .
Although RA signaling is essential for the homeostasis of diverse biological systems (5), its role in hematopoiesis, and HSC biology in particular, is still unclear. Based on its ability to differentiate both normal (6) and malignant (7) promyelocytes, RA has become established as an integral part of current treatments for acute promyelocytic leukemia. In regard to the HSC compartment however, studies using murine or human umbilical cord blood HSCs show apparent contradictory roles for RA signaling.
Murine models have shown that HSC expansion can be achieved either by activation of the RA pathway (8) or its inhibition via retroviral-mediated expression of dominant negative RARα (9) . Inhibition of ALDH1 and, thus, presumably de novo synthesis of RA was shown to expand umbilical cord blood CD34 + CD38
− cells capable of long-term engraftment of immunodeficient mice (SCID-repopulating cells or SRCs) (10) . Although somewhat discordant, these studies, together with the high expression of ALDH1 in HSCs, propose RA as an important physiologic signal for controlling HSC homeostasis. Retinoid signaling has, in fact, been shown to play a critical role in determining the fate of stem-like cells in at least one other tissue: germ cells in the embryonic gonadal niche (11) . RA produced by ALDH1 in the embryonic mesonephroi of both sexes induces germ cells to enter meiosis and initiate oogenesis. In the male embryonic gonad, Sertoli cells in the gonadal microenvironment inactivate RA through expression of CYP26B1, ultimately leading to spermatogenesis. Thus, germ cells appear to be intrinsically programmed to respond to retinoids by entering meiosis, unless specifically prevented from doing so by CYP26B1 expression in the microenvironment (11) .
In the bone marrow, HSCs reside in a highly complex microenvironment that assures their survival, self-renewal, and differentiation (12) . However, the microenvironment's mechanisms responsible for maintaining HSC homeostasis remain unclear. Moreover, our limited current understanding of physiologic selfrenewal of adult human bone marrow-derived HSCs (13) is based largely on data from murine models and umbilical cord blood (14) (15) (16) (17) . Here we show that primitive bone marrow CD34
+

Significance
Mechanisms that control physiologic hematopoietic stem-cell (HSC) self-renewal remain largely unknown. Inhibition of retinoic acid (RA) signaling in HSCs maintained their primitive phenotype and function, and promoted their self-renewal. Moreover, bone marrow stroma's expression of the cytochrome P450 retinoid-inactivating enzyme, CYP26, allowed HSC self-renewal by maintaining an environment low in retinoids. Thus, HSCs appear to be intrinsically programmed to undergo RA-mediated differentiation unless prevented from doing so by bone marrow niche CYP26. Modulation of RA signaling also holds promise for clinical HSC expansion. 
CD38
− compared with CD34 + CD38 + populations (Z score = −3.946, P = 3.9e−5; Fig. 1 and Table S1 ).
Although the transcriptional levels of RARα were higher in the primitive CD34
+ CD38 − cells than in the CD34 + CD38 + cells, the expression levels of the majority of its downstream targets were down-regulated in CD34 +
− cells (Fig. 1 ). As expected (1, 2), the transcriptional level of ALDH1A1 was also highly upregulated in CD34 + CD38 − cells (Fig. 1) . Therefore, despite that ALDH1A1, required for production of RA, and RARα were highly expressed, the downstream RA signaling pathway was in fact suppressed in CD34 + CD38 − cells.
Inhibition of RA Signaling Results in Expansion of Primitive Hematopoietic
Cells. To test whether suppression of downstream RA signaling is critical to maintaining primitive hematopoietic cells, CD34
+ CD38 − cells from normal human bone marrow were cultured in serum-free conditions containing thrombopoietin, stem-cell factor, and Flt3-ligand (TSF) with and without the pan-RAR inhibitor AGN194310 (AGN) (11, 23 + CD38 − cells and CAFCW8 remained. When AGN was added to the in vitro cultures, there was a relative lag in generation of CFU-Cs during the first 7-14 d compared with control cultures. Thereafter, the number of CFU-Cs from the AGN cultures expanded beyond the control cultures, resulting in a statistically higher overall output of CFU-C by day 28 (Fig. S1A) . Inhibition of RAR signaling also significantly expanded CD34 +
CD38
− cells (Fig. S1B ) and CAFCW8 numbers (Fig. S1C ) compared with TSF alone, whereas the addition of 0.1 μM all-trans retinoic acid reversed the effects of AGN (Fig. S1D) . 
− cells in TSF resulted in a slight increase in SRC frequency after 7 d (1.4 ± 0.3, mean ± SEM of fold increase over day 0) but exhaustion of SRCs by day 14 ( Fig. 2A and Table S2 ). However, the presence of AGN in the liquid culture conditions resulted in a significant expansion of SRC numbers after 7 and 14 d, and relative maintenance after 21 d, compared with day 0 ( Fig. 2A and Table S2 ). Superior SRC numbers in the AGN-treated cultures were confirmed in secondary transplantation experiments by using bone marrow from primary recipients (Table S3 ). In addition, mice transplanted with cells cultured in the presence of AGN had overall higher levels of engraftment compared with control conditions (Fig. 2B) . Thus, inhibiting RA signaling maintains, and even promotes self-renewal of, bone marrow-derived primitive hematopoietic cells (CAFCW8s and SRCs). Bone Marrow Stromal CYP26 Inactivates Retinoids. The microenvironment provided by stromal cells has been the best way to maintain primitive hematopoietic cell activity in vitro (25) . Some stromal cell lines have been shown to maintain hematopoiesis in vitro for up to 8 wk (25, 26) . Because fetal gonad microenvironment determines germ-cell fate through inactivating RA (11), we hypothesized that bone marrow stroma similarly maintains a retinoid-free environment for primitive hematopoietic cells. We used a RA-responsive luciferase reporter (27) to monitor the effects of stroma on the retinoid activity of serum-containing media. Luciferase activity induced by serum, which contains micromolar concentrations of retinoids (28) , was significantly reduced by either pharmacological inhibition of RAR via AGN or by cotransfection with a dominant-negative RAR vector (RARαΔ403) (Fig. 3A) (9) . Incubation of serum-containing media with bone marrow-derived stroma also significantly lowered luciferase activity (Fig. 3A) . We found that adherent human stromal cells commonly used for maintaining in vitro hematopoiesis expressed CYP26 isoenzymes A1 and B1, but not C1 (Fig. 3B) . OP-9 cells also highly expressed CYP26A1 and CYP26B1. Conversely, bone marrow CD34 + CD38 − cells expressed low levels of CYP26A1 (>20-fold less than bone marrow stroma) and no detectable CYP26B1 (Fig. 3B) . Incubation of stromal cells with R115866, a specific inhibitor of all three CYP26 isoenzymes (29) , rescued RA activity in stromal-conditioned media (Fig. 3A, fifth column) . These results suggest that CYP26 activity is responsible for bone marrow stromal-mediated inactivation of RA activity.
Bone Marrow Stromal CYP26 Activity Contributes to the Maintenance of Primitive Hematopoietic Cells. As expected, culture of CD34
− cells on bone marrow stroma maintained their primitive phenotype (Fig. 4A, Middle) and their CAFCW8 activity (Fig.  4B , Center) for up to 21 d. The addition of the CYP26 inhibitor to the stromal coculture conditions resulted in accelerated loss of CD34 + CD38 − cells (Fig. 4A , Lower) and decreased numbers of CAFCW8 (Fig. 4B , Right) at day 21 of coculture. Inhibition of CYP26 in stroma-free cultures had no effect on the maintenance of CD34 +
− cells. CYP26B1 knockdown via shRNA similarly reversed the protective effects of stroma on the CD34 +
− cells (Fig. 4C ). Most importantly, the addition of the CYP26 inhibitor to the stromal coculture conditions blocked the maintenance of SRCs (Fig. 4D ). These findings demonstrate that CYP26-mediated inactivation of retinoids is at least in part responsible for maintenance of the primitive hematopoietic cells by bone marrow stroma.
Discussion
The high expression of ALDH1 by CD34 +
CD38
− cells suggests an important role for RA signaling in these cells. Moreover, we found these cells also highly express RARα. However, the role of RA signaling in normal hematopoiesis remains unclear with data showing that both RAR stimulation (8) and blockade (9) can produce self-renewal of primitive hematopoietic cells. The reasons for such apparently conflicting results, most of which are derived from mouse studies, is uncertain but perhaps could be explained by RA's pleiotropic effects on different hematopoietic progenitors and RAR subtypes. Our data showing that downstream RAR signaling is down-regulated in CD34 +
− cells compared with the more differentiated CD34 +
+ cells is consistent with the data that RAR blockade maintains primitive hematopoietic cells. Moreover, we found that the pan-RAR inhibitor AGN promoted expansion of primitive hematopoietic CD34 + CD38 − cells, including CAFCW8s and SRCs. AGN-mediated inhibition of RAR signaling also can determine germ-cell fate in vitro, mimicking the physiologic process that is regulated by the degradation of RA by embryonic Sertoli cell CYP26B1 (11) . Thus, we hypothesized that CYP26-mediated lowering of retinoid levels might also be an important physiologic mechanism for determining HSC fate. Similar to its role in embryonic gonadal Sertoli cells (11), we found that CYP26 in bone marrow stromal cells inactivated retinoids present in serum-containing media; RAR signaling was reduced in a similar fashion to that observed with AGN or a dominant negative RAR, resulting in primitive hematopoietic cell maintenance and even expansion. Our data suggest that human HSCs are intrinsically programmed to undergo differentiation in response to RA, in part as a result of constitutive expression of early components of RA signaling pathway: ALDH1A1, which generates RA from vitamin A, and RARα. While in the bone marrow niche, HSCs are specifically prevented from undergoing differentiation by the microenvironment's expression of CYP26 that maintains an environment low in retinoids (Fig. 5 ). Both the A1 and B1 CYP26 isoenzymes are highly expressed by the bone marrow stroma, whereas CD34 + CD38 + cells express little or no A1 and B1 (Fig.   3B ). Moreover, CYP26 inhibition in the absence of stroma had no effect on the maintenance of CD34 + CD38 − cells. It is likely that both the A1 and B1 CYP26 isoenzymes play a role in the microenvironment's regulation of retinoids, because both isoenzymes are qualitatively similar retinoid hydroxylases with overlapping expression profiles (4).
Days in liquid culture
Here we studied adherent stromal layers that optimally maintain primitive hematopoietic cell activity in vitro (25, 26) . OP-9 cells have been shown to be mesenchymal stem cells capable of differentiation into a wide range of differentiated mesenchymal cells including fibroblasts, osteocytes, and adipocytes (26) . Primary human bone marrow stroma has also been shown to be nearly a homogeneous population of mesenchymal progenitor cells (30) . However, unlike adherent stromal cultures and male gonads where Sertoli cells are the main constituent of the microenvironment, the adult bone marrow niche is a rather complex milieu (12). Interestingly, major components of the bone marrow microenvironment, osteoblasts (31) and endothelial cells (32) , also have been shown to express CYP26.
The process of physiological HSC self-renewal remains incompletely understood despite intense investigation. HoxB4 (14) , Bmi1 (33), Wnt/β-catenin (16), Notch (34) , and aryl hydrocarbon receptor antagonists (15) have all been shown to promote expansion of primitive mouse or umbilical cord blood hematopoietic cells. However, attempts at clinical translation produced expansion of differentiated umbilical cord blood hematopoietic progenitors in vitro, but HSC activity was lost (34) . Moreover, there are few reports of successfully expanding adult human bone marrow-derived HSCs (13) . Not only does it appear that the microenvironment's control of RA availability regulates physiologic HSC fate, but these data also suggest that inhibition of RA signaling may be a potential therapeutic tool for human HSC expansion ex vivo. This report suggests that cytochrome P450 enzymes play a role in the bone marrow microenvironment. It is tempting to hypothesize that expression of various detoxifying enzymes is a general mechanism by which the bone marrow microenvironment protects normal, and probably malignant, HSCs not only from prodifferentiation signals, but also cytotoxic insults. 
Materials and Methods
Human Samples. Bone marrow was procured as excess material from the harvests of normal donors for allogeneic bone marrow transplantation. Specimens were collected by the Johns Hopkins Kimmel Cancer Center Specimen Accessioning Core. Appropriate informed consent was obtained from all donors before specimen collection, in accordance with the Declaration of Helsinki and under a research protocol approved by the Johns Hopkins Institutional Review Board.
Cell Isolation and Sorting. Cell subsets were identified and isolated as we described (35) . Briefly, mononuclear cells were isolated by density gradient centrifugation (Ficoll-Paque; GE Healthcare Life Sciences), and CD34-positive cells were then selected via magnetic beads and column by using manufacturer's instructions (Miltenyi Biotec). Samples were then viably cryopreserved in 90% (vol/vol) FBS (Sigma) and 10% (vol/vol) dimethyl sulfoxide (DMSO) (Sigma) and stored until further use. After thawing and washing, cells were labeled with monoclonal fluorescein isothiocyanate (FITC)-conjugated anti-CD34 and allophycocyanin (APC)-conjugated anti-CD38 (all antibodies used are from BD Biosciences), and sorted by using a fluorescenceactivated cell sorter (FACS) Aria II (Beckman Coulter).
Liquid Cultures. Sorted CD34 + CD38 − cells were resuspended in Stemline II media (Sigma), supplemented with Penicillin/Streptomycin (P/S; Sigma), and growth factors [thrombopoietin 20 ng/mL, Stem Cell Factor 100 ng/mL, and Flt3 ligand 100 ng/mL (TSF) (all growth factors and cytokines are from Amgen)], and incubated at 37°C. For some of the cultures, 10 −6 M AGN194310 (23) (synthesized in house by the Johns Hopkins Chemistry Core) and 10 −7 M all-trans RA (Sigma) were added. The cultures were sampled at various time points for cell counts, flow cytometry, CFU-C, CAFC, and transplantation assays.
Stromal Cells. Stromal cell lines were cultured according to published protocols or as recommended by the American Type Culture Collection catalog. AFT024 were cultured in DMEM (Sigma) supplemented with 10% FBS and P/S at 33°C, and OP-9 were cultured in α minimum essential medium (αMEM; Sigma), 20% FBS, and P/S at 37°C. Primary human bone marrow stroma were derived from the plastic-adherent fraction of monocuclear bone marrow cells upon incubation with Iscove's Modified Dulbecco's Media (IMDM; Sigma) supplemented with 10% horse serum, 10% FBS, 10 −5 M hydrocortisone 21-hemisuccinate, P/S, 10 −4 M β-mercaptoethanol at 33°C. (39) . The obtained data represented the average of normalized, log 2 transformed, robust multiarray analysis background corrected measures from all core metaprobe sets for each gene. The Ingenuity Pathway Analysis (IPA) Upstream Regulator module was used to identify which IPA upstream regulator pathways were activated or inactivated, as measured by the activation Z score (Ingenuity Systems). The corresponding one-sided P value for this Z score was calculated by assuming a normal distribution. The list of all known canonical RARA target genes and their predicted direction of regulation (activated, inactivated, or unknown) by RARA was obtained from the IPA software. For each gene, the row-standardized Z score for each sample was calculated, and these normalized expression measures were subjected to Euclidean distance based hierarchical clustering and visualization by heatmap using the Partek Genomic Suite software.
Quantitative RT-PCR. RNA was extracted with the RNeasy kit (Qiagen) per manufacturer's instructions. Expression of CYP26 isoenzymes was assessed by real-time, one-step RT-PCR using sequence-specific primers (mouse CYP26A1: forward: acccacatgtcctccagaaa and reverse: agctgttccaaagtttccatgt; mouse CYP26B1: forward: caattccattggcgacatc and reverse: atcctggatcaccagttgga; mouse CYP26C1 forward: acttggcgcggttggt and reverse: agaggagcggctgaacac; mouse GAPDH: forward: cgtcccgtagacaaaatggt and reverse: ttgatggcaacaatctccac; human CYP26A1: forward: catgttctccagaaagtgcg and reverse: gggattcagtcgaagggtct; human CYP26B1: forward: gagcacctcgtgagc and reverse: aggtaactctccagggcctc; human CYP26C1: forward: cgtgtcccggatgctatac and reverse: ctgcgtggtcaaggaggt; and human GAPDH: forward: acccagaagactgtggatgg and reverse: tctagacggcaggtcaggtc) and a SYBR Green method (BioRad). Gene expression was normalized to GAPDH mRNA. Relative quantification of mRNA levels was performed by using the 2 -ΔΔC(T) method (40) . All RT-PCRs were performed in duplicate and run on the ABI 7500 machine (Applied Biosystems).
RA Responsive Firefly Luciferase Assay. To assess relative levels of RA activity, a pGL2-RA responsive element (RARE)-luciferase was used as described (27) . The pGL2-RARE-luciferase and a Renilla plasmid was transfected into HEK293T cells by using Lipofectamine 2000 (Invitrogen) and the manufacturer's protocol. Upon transfection, HEK293T cells were incubated with either fresh media [RPMI 1640 + 10% (vol/vol) FBS] with or without AGN or with stromal cell conditioned media. One day later, dual luciferase assay (firefly and Renilla)
was performed per manufacturer's protocols (Promega) and relative luciferase activity normalized to Renilla was used to assess RA activity.
Lentiviral Vectors and shRNA Clones. shRNA-targeting CYP26B1 (Thermo Scientific) lentiviral vectors or the empty lentiviral vector pGIPZ were used to infect bone marrow stromal cells. Successfully infected cells were then sorted for GFP and used for further analysis.
Statistical Analysis. Statistical analysis was performed by using two-tail unpaired student t test to compare the averages of two groups and calculate the P value.
